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Abstract
Background
Fatigue is a debilitating condition with a significant impact on patients’ quality of life. Fatigue
is frequently reported by patients suffering from primary Sjögren’s Syndrome (pSS), a
chronic autoimmune condition characterised by dryness of the eyes and the mouth. How-
ever, although fatigue is common in pSS, it does not manifest in all sufferers, providing an
excellent model with which to explore the potential underpinning biological mechanisms.
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Methods
Whole blood samples from 133 fully-phenotyped pSS patients stratified for the presence of
fatigue, collected by the UK primary Sjögren’s Syndrome Registry, were used for whole
genome microarray. The resulting data were analysed both on a gene by gene basis and
using pre-defined groups of genes. Finally, gene set enrichment analysis (GSEA) was used
as a feature selection technique for input into a support vector machine (SVM) classifier.
Classification was assessed using area under curve (AUC) of receiver operator characteris-
tic and standard error of Wilcoxon statistic, SE(W).
Results
Although no genes were individually found to be associated with fatigue, 19 metabolic path-
ways were enriched in the high fatigue patient group using GSEA. Analysis revealed that
these enrichments arose from the presence of a subset of 55 genes. A radial kernel SVM
classifier with this subset of genes as input displayed significantly improved performance
over classifiers using all pathway genes as input. The classifiers had AUCs of 0.866 (SE(W)
0.002) and 0.525 (SE(W) 0.006), respectively.
Conclusions
Systematic analysis of gene expression data from pSS patients discordant for fatigue identi-
fied 55 genes which are predictive of fatigue level using SVM classification. This list repre-
sents the first step in understanding the underlying pathophysiological mechanisms of
fatigue in patients with pSS.
Introduction
Severe, debilitating fatigue is a common symptom in a wide range of chronic diseases including
autoimmune diseases and cancers [1–6], and is a side effect of treatments such as chemothera-
pies, radiotherapies [7, 8] and some medications [9]. Fatigue is a tiredness which may be men-
tal, physical, or both, and that results in an inability to function at normal performance levels.
Chronic fatigue is a disabling symptom that is a major cause of loss of productivity and has a
substantial healthcare-related cost [10, 11]. However, the underlying pathophysiological mech-
anisms of fatigue remain unclear and treatment of fatigue is currently largely ineffective [12].
There is a clear need to identify a biological signature of fatigue in order to advance our
understanding of its pathophysiological mechanisms. Such a signature will inform therapeutic
development, aid in drug target identification, and act as a biomarker to measure responses to
interventions. Although the biological basis of fatigue remains unknown, recent data indicate
that immune dysregulation is common among fatigued patients and may play a key role in the
biological mechanisms of fatigue. Chronic fatigue is a common symptom in many conditions
involving a dysregulated immune system, such as autoimmune diseases [13, 14]. IFNα and
other cytokine therapies often induce fatigue [9]. Conversely, therapies that interfere with, or
modify, cytokine signalling have been found to reduce fatigue [15].
Research suggests that severe fatigue in these diverse conditions is driven by similar biologi-
cal mechanisms [16] and, therefore, a variety of diseases may be valuable as disease models for
fatigue. We propose the multisystem autoimmune disease primary Sjögren’s Syndrome (pSS)
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as a model to investigate the biological signature of fatigue. This disease is characterised by oral
and ocular dryness, profound fatigue and musculoskeletal pain [17]. The disease affects
approximately 0.04% of the population, with a female to male ratio of around 9:1 [18].
There are well-established diagnostic criteria for pSS [19, 20]. Although disabling chronic
fatigue is common among pSS, some suffer minimal symptoms of fatigue. This discordance in
fatigue provides an opportunity to uncover biological changes associated with pSS-related
fatigue by the comparison of patients with different fatigue levels. For instance, it is now estab-
lished that type I IFN signature is present in the majority of, but not all, pSS patients [21], and
that IFNα treatment can induce fatigue. It would therefore be of interest to investigate whether
fatigue in pSS is associated with the presence of this IFN signature. Importantly, the correlation
between fatigue and disease activity in pSS is weak, suggesting that a distinct biological process
may be responsible for fatigue symptoms [22]. Furthermore, the majority of pSS patients do
not receive immuno-modulatory therapies that may confound the study of fatigue-specific
changes in cohort studies [23].
Here, we compare global gene expression profiles of whole blood from a group of pSS
patients with differing levels of fatigue using multiple statistical and machine learning tech-
niques. Gene set enrichment analysis identifies 55 genes which are collectively associated with
fatigue. Using this gene signature a support vector machine classifier is created which is predic-
tive of fatigue level in this group. These genes provide a potential basis for the future study of
fatigue in pSS in order to develop mechanistically-informed approaches to therapy.
Results
Patient Characteristics
Table 1 summarises the demographics of the subjects used in this study. The pSS patient group
covered a range of fatigue levels and symptom profiles to allow analysis of fatigue as a continuous
Table 1. Patient and control characteristics. The demographics and symptom levels of the patients used in
this study.
Patient Control
Age (years—mean, SD) 61.16±12.12 54.40±13.05
Disease duration (years—mean, SD) 7.38±6.29 N/A
Symptom duration (years—mean, SD) 13.95±10.25 N/A
Age at onset (years—mean, SD) 47.22±14.46 N/A
ESSDAI (median, IQ) 5.00, 2.00–9.00 N/A
SSDDI (median, IQ) 5.00, 3.00–5.00 N/A
Fatigue VAS (median, IQ) 55.00, 31.00–77.00 N/A
PROFAD-Physical (median, IQ) 3.75, 2.25–5.00 N/A
PROFAD-Mental (median, IQ) 3.00, 1.50–4.00 N/A
HADS Anxiety (median, IQ) 7.00, 4.00–10.75 N/A
HADS Depression(median, IQ) 5.00, 2.50–9.00 N/A
Total ESSPRI (median, IQ) 5.67, 3.67–7.33 N/A
Pain sub-domain (median, IQ) 4.00, 2.00–7.00 N/A
Fatigue sub domain (median, IQ) 5.00, 3.00–8.00 N/A
Dryness sub domain (median, IQ) 7.00, 4.00–8.00 N/A
SD = standard deviation, IQ = interquartile range, ESSDAI = EULAR Sjögren’s Syndrome Disease Activity
Index, SSDDI = Sjögren’s Syndrome Disease Damage Index, ESSPRI = EULAR Sjögren’s Syndrome
Patient Reported Index, HAD = Hospital Anxiety and Depression, PROFAD = Profile of Fatigue and
Discomfort.
doi:10.1371/journal.pone.0143970.t001
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variable (Fig 1). The Fatigue VAS cutoffs (>75/<25) produced groups of 38 high fatigue and 21
low fatigue patients. Although fatigue was moderately correlated with depression and pain, there
was no association with disease activity (see S1 Table).
Differential gene expression between fatigue groups
Following transformation and normalisation of the raw data, two outliers were detected by the
arrayQualityMetrics package and discarded from the remainder of the analyses (see S1
Fig). Filtering for detection threshold resulted in the loss of 39.8% of the probes. The data were
then batch corrected to remove non-biological effects produced by variation between experi-
mental batches (see S2 Fig).
Although 334 differentially expressed genes (DEGs) were detected between the pSS patients
and the controls, no DEGs were detected between the high and low fatigue groups (Fig 2A and
2B). Comparison of the average expression values between the groups, and Principal Compo-
nent Analysis, indicated that there was no significant difference between the fatigue groups in
terms of expression (Fig 2C and 2D). When the analysis was repeated with correction for the
other clinical factors, no significant DEGs were identified (Fig 3). Finally, the Fatigue VAS was
analysed as continuous variables by fitting a linear regression model to the expression data. No
statistically significantly DEGs were identified for any of the scores either before or after cor-
rection for other clinical variables. When these analyses were repeated using the other available
fatigue scores at comparable cutoffs, no DEGs were identified in any case (see S3, S4, and S5
Figs, S2 and S3 Tables).
Interferon type I score in fatigue groups
IFN activation scores ranged from −5.2 to 22.2 with a mean score of 12.5 (Fig 4A). In total,
69% of the patients (90 of 131) were IFN-active. No significant relationship was observed
between IFN activation score and fatigue level (Fig 4B). Further, IFN activation was not linked
to ESSPRI or SSDDI (see S6 Fig). However, ESSDAI scores were significantly higher in the
IFN-positive group (Fig 4C), consistent with published data [21].
Gene set enrichment in fatigue subsets
Gene set enrichment analysis was carried out using the Fatigue VAS high and low fatigue
groups with both real and absolute gene ordering, in order to identify fatigue-related metabolic
pathways. All available MSigDB C2:CP modules were tested [24], comprising canonical repre-
sentations of biological pathways compiled by domain experts for the BioCarta [25], Reactome
[26] and KEGG [27] databases. Three actin-related BioCarta pathways and 15 G-protein sig-
nalling Reactome pathways were found to be enriched in the high fatigue group (Table 2).
Additionally, an incretin-related Reactome pathway was found to have a non-random distribu-
tion following absolute gene ordering, with enrichment split between the high and low fatigue
groups. No KEGG pathways were enriched in any of the analyses. When the analysis was
repeated using patients and healthy controls, 94 pathways were enriched in the pSS group (see
S4 Table). One of these pathways, “Incretin synthesis, secretion, and activation” overlapped
with those enriched in the high fatigue group.
Leading edge analysis was carried out to identify the genes that contributed to the high
fatigue enrichment of the BioCarta and Reactome pathways and their overlaps. This analysis
indicated that the actin-related pathways had seven overlapping genes, while the G-protein sig-
nalling pathways had just five overlapping genes (Tables 3 and 4). The incretin-related pathway
had five leading edge genes, LEP, DPP4, ISL1, SEC11C and SPCS1, associated with low fatigue
and six genes, SPSC3, GATA4, PCSK1, GIP, FFAR1 and GCG, associated with high fatigue.
A Transcriptional Signature of Fatigue in PSS
PLOSONE | DOI:10.1371/journal.pone.0143970 December 22, 2015 4 / 21
Fig 1. The characteristics of the patients. A heatmap of the clinical scores for the 133 patients included in
this study. The values have been scaled between zero (absent) and one (worst). ESSDAI = EULAR Sjögren’s
Syndrome Disease Activity Index, SSDDI = Sjögren’s Syndrome Disease Damage Index, ESSPRI = EULAR
Sjögren’s Syndrome Patient Reported Index, HAD = Hospital Anxiety and Depression, PROFAD = Profile of
Fatigue and Discomfort, VAS = Visual Analogue Scale.
doi:10.1371/journal.pone.0143970.g001
Fig 2. Differential gene expression analysis. (A) Volcano plot of high fatigue against low fatigue. No
significant differentially expressed genes (DEGs) were detected. (B) Volcano plot of patients against healthy
controls. Red points indicate DEGs with a fold change >1.2 and p-value <0.05. (C) The mean expression
values for each gene for the high and low fatigue groups. (D) Plot of the first two principal components of the
expression dataset coloured by high and low fatigue groups.
doi:10.1371/journal.pone.0143970.g002
A Transcriptional Signature of Fatigue in PSS
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Fig 3. Correction for other clinical factors. Volcano plots for the Fatigue VAS fatigue groups corrected for
clinical factors: (A) Age at UKPSSR cohort recruitment. (B) Disease activity measured using the EULAR
Sjögren’s Syndrome Disease Activity Index. (C) Disease damage measured using the Sjögren’s Syndrome
Disease Damage Index. (D) The EULAR Sjögren’s Syndrome Patient Reported Index dryness sub-domain.
(E) The EULAR Sjögren’s Syndrome Patient Reported Index pain sub-domain. (F) Anxiety measured using
the Hospital Anxiety and Depression scale. (G) Depression measured using the Hospital Anxiety and
Depression scale. (H) Pain and depression (E & G). (I) Pain, depression, dryness and anxiety (D-G). (J) All
seven factors (A-G). No significantly differentially expressed genes were identified following any correction.
doi:10.1371/journal.pone.0143970.g003
Fig 4. Interferon type I signature and fatigue. (A) The IFN score ranges for the 133 patients. (B) The
Fatigue VAS scores for the IFN-active and IFN-inactive groups. (C) The ESSDAI scores for the IFN-active
and IFN-inactive groups.
doi:10.1371/journal.pone.0143970.g004
A Transcriptional Signature of Fatigue in PSS
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There was very little overlap between the leading edges of the actin and G-protein signalling
genes, or with the leading edge of the incretin-related pathway (Tables 4 and 5).
SVM classification of the fatigue groups
Support vector machines (SVMs) were applied to predict the Fatigue VAS high and low fatigue
groups (n = 38 and n = 21, respectively), first using all the genes of the identified pathways as
inputs, then using only the 55 leading edge genes. The SVM classifiers were run 10 times, using
10-fold cross-validation over the patient set, producing a mean AUC of 0.525 for all genes and
0.866 for the leading edge genes (Fig 5). The SE(W) values were 0.006 and 0.002, respectively,
indicating that the difference in AUC was statistically significant. When the leading edge genes
were used as inputs in a classifier of patients and healthy controls the mean AUC was 0.597
with an SE(W) of 0.003. Finally, 50 randomly selected lists of 55 genes were used as inputs into
the SVM. AUCs for the random lists had a mean of 0.554 and standard deviation of ±0.080. All
of the AUCs for the random gene lists were significantly lower than the AUC for the 55 leading
edge genes by SE(W). GSEA using the 55 genes as a bespoke gene set also showed no significant
enrichment between patients and healthy controls with an FDR q-value of 0.55.
Discussion
The aim of this study was to analyse the expression of genes between pSS patients discordant
for fatigue, in order to identify factors that may be involved in the pathogenesis of fatigue.
Table 2. Enriched pathways between the Fatigue VAS high fatigue and low fatigue groups.Gene sets were considered to be enriched at an FDR cut-off
of 25%. All the enriched gene sets were associated with high fatigue with the exception of incretin synthesis secretion and inactivation (*), which had a non-
random distribution of enriched genes between the two fatigue groups.
Name Size ES NES Nominal p- value FDR q- value
BioCarta
CDC42RAC pathway 16 -0.798 -1.950 0 0.001
ACTINY pathway 19 -0.651 -1.848 0.002 0.007
MPR pathway 34 -0.506 -1.697 0.004 0.078
Reactome
Regulation of insulin secretion by glucagon-like peptide-1 42 -0.628 -1.983 0 0.027
G beta:gamma signalling through PLC beta 20 -0.762 -1.823 0 0.052
G beta:gamma signalling through PI3Kgamma 25 -0.694 -1.793 0 0.065
Activation of kainate receptors upon glutamate binding 31 -0.629 -1.824 0 0.069
G-protein beta:gamma signalling 28 -0.691 -1.846 0 0.078
Prostacyclin signalling through prostacyclin receptor 19 -0.750 -1.762 0 0.083
Inhibition of insulin secretion by adrenaline/noradrenaline 25 -0.651 -1.697 0.002 0.113
Glucagon-type ligand receptors 33 -0.564 -1.703 0.002 0.116
G-protein activation 27 -0.669 -1.717 0.002 0.126
Thromboxane signalling through TP receptor 23 -0.698 -1.703 0 0.129
Glucagon signaling in metabolic regulation 33 -0.565 -1.664 0.002 0.155
Aquaporin-mediated transport 50 -0.548 -1.646 0 0.174
ADP signalling through P2R purinoceptor1 25 -0.658 -1.625 0.008 0.206
Thrombin signalling through proteinase activated receptors PARs 32 -0.634 -1.592 0.006 0.237
Regulation of water balance by renal aquaporins 43 -0.512 -1.595 0.002 0.247
Incretin synthesis, secretion, and inactivation* 21 0.584 1.522 0.015 0.247
ES = enrichment score, NES = normalised enrichment score, FDR = false discovery rate.
doi:10.1371/journal.pone.0143970.t002
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Extensive subjective and objective clinical data are available for all patients, an ideal basis for
the study of fatigue, since it allows accurate assessment of not only the patients’ fatigue status
but also their levels of other, possibly confounding, factors. In particular, pain, anxiety and
depression have previously been associated with fatigue in pSS [28–30], and may mask fatigue-
related associations.
Initially, the microarray data were analysed on a gene by gene basis; no significant changes
in expression were detected. Inclusion of other clinical factors into the analysis did not result in
the detection of any fatigue-related changes. Moreover, treating fatigue as a continuous, rather
than Boolean, variable also resulted in no identification of significant fatigue-related genes.
However, although DEGs were not identified between high and low fatigue patients, a large
number of DEGs were identified between the patients and controls which were consistent with
previously reported DEGs in pSS [31–34]. Additionally, although the IFN signature was not
associated with the fatigue groups, it was associated with pSS disease activity, which is also con-
sistent with previous data [21]. Consequently, the lack of significant fatigue-related results is
unlikely to be due to data quality or the use of an “atypical” pSS cohort. Indeed, previous stud-
ies of chronic fatigue, one using data from monozygotic twins chronic fatigue syndrome (CFS),
the other breast cancer patients, also found no significant DEGs [35, 36].
Since fatigue is a complex phenomenon, expression effects may be relatively low in compari-
son to the noise inherent to high throughput microarray technology, and cannot be detected
on an individual gene basis. GSEA is a technique developed to address such situations by
detecting subtle changes in pre-determined gene sets [37]. GSEA has the advantage of detecting
Table 3. Genes in the leading edge of the enriched actin-related BioCarta pathways.Genes found in
leading edge overlap are shown in bold.
Symbol Name
ACTR2 ARP2 actin-related protein 2 homolog (yeast)
ACTR3 ARP3 actin-related protein 3 homolog (yeast)
ARPC1B Actin related protein 2/3 complex, subunit 1B, 41kDa
ARPC2 Actin related protein 2/3 complex, subunit 2, 34kDa
ARPC3 Actin related protein 2/3 complex, subunit 3, 21kDa
ARPC4 ARPC4 actin related protein 2/3 complex, subunit 4, 20kDa
ARPC5 Actin related protein 2/3 complex, subunit 5, 16kDa
CAP1 CAP, adenylate cyclase-associated protein 1 (yeast)
CDC25C Cell division cycle 25C
CDC42 Cell division cycle 42
GNAI1 Guanine nucleotide binding protein, alpha inhibiting activity polypeptide 1
NCKAP1 NCK-associated protein 1
PAK1 p21 protein (Cdc42/Rac)-activated kinase 1
PAQR7 Progestin and adipoQ receptor family member VII
PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha
PIK3R1 Phosphoinositide-3-kinase, regulatory subunit 1 (alpha)
PIN1 Peptidylprolyl cis/trans isomerase, NIMA-interacting 1
PIR Pirin (iron-binding nuclear protein)
PRKAR1A Protein kinase, cAMP-dependent, regulatory, type I, alpha
PRKAR2A Protein kinase, cAMP-dependent, regulatory, type II, alpha
RHOA Ras homolog family member A
WASF2 WAS protein family, member 2
WASL Wiskott-Aldrich syndrome-like
doi:10.1371/journal.pone.0143970.t003
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biological changes that are distributed across a group of genes and, therefore, can identify path-
way-level effects. For instance, multiple small changes in a pathway may change its overall met-
abolic flux leading to a disease state. Moreover, the leading edge of a significant gene set,
comprising those genes that account for the enrichment, can include the biologically-relevant
subset within a pathway. We applied the GSEA algorithm to the identification of significant
enrichment in metabolic pathways: either enrichment in the high or in the low fatigue groups
or split distributions between the two groups. Nineteen gene sets from either BioCarta [25] or
Reactome [26] were identified as having significant distributions.
The BioCarta pathways enriched in high fatigue, CDC42RAC, MPR and ACTINY, are
related pathways associated with actin filaments and migration of cells. The CDC42RAC path-
way is involved in several aspect of cell motility including leukocyte movement, fibroblast
response and cancer invasiveness [38]. Notably, both CDC42 and RAC1 have been previously
associated with CFS in a meta-analysis of multiple data types by Pihur and co-workers [39].
The ACTINY pathway also involves the RAC1 protein to facilitate cell motility via the poly-
merisation of actin [40]. The third pathway, MPR, involves triggering of the ACTINY pathway
by progesterone [41]. These pathways involve N-WASP, the Wiskott-Alrich syndrome-like
Table 4. Genes in the leading edge of the enriched ReactomeG-protein signalling pathways.Genes
found in leading edge overlap are shown in bold.
Symbol Name
AQP10 Aquaporin 10
AQP2 Aquaporin 2 (collecting duct)
ARRB2 Arrestin, beta 2
CALM2 Calmodulin 2 (phosphorylase kinase, delta)
DLG1 Discs, large homolog 1 (Drosophila)
GCG Glucagon
GIP Gastric inhibitory polypeptide
GNA13 Guanine nucleotide binding protein, alpha 13
GNAI1* Guanine nucleotide binding protein, alpha inhibiting activity polypeptide 1
GNAZ Guanine nucleotide binding protein, alpha z polypeptide
GNB4 Guanine nucleotide binding protein, beta polypeptide 4
GNB5 Guanine nucleotide binding protein, beta 5
GNG10 Guanine nucleotide binding protein, gamma 10
GNG11 Guanine nucleotide binding protein, gamma 11
GNG8 Guanine nucleotide binding protein, gamma 8
GRIK2 Glutamate receptor, ionotropic, kainate 2
IQGAP1 IQ motif containing GTPase activating protein 1
ITPR2 Inositol 1,4,5-trisphosphate receptor, type 2
PIK3CG Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit gamma
PIK3R6 Phosphoinositide-3-kinase, regulatory subunit 6
PLCB1 Phospholipase C, beta 1 (phosphoinositide-specific)
PRKACA Protein kinase, cAMP-dependent, catalytic, alpha
PRKAR1A* Protein kinase, cAMP-dependent, regulatory, type I, alpha
PRKAR2A* Protein kinase, cAMP-dependent, regulatory, type II, alpha
RAP1A RAP1A, member of RAS oncogene family
RAP1B RAP1B, member of RAS oncogene family
RHOA* Ras homolog family member A
* Overlaps with the BioCarta pathways.
doi:10.1371/journal.pone.0143970.t004
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actin regulating protein, which is known to be highly expressed in neural tissues, associated
with T-cell development [42] and involved in actin filament formation in muscle.
At the core of all three BioCarta pathways is the ARP2/3 complex, a major regulator of cell
shape and motility via actin cytoskeleton assembly [43]. Seven genes of this complex overlap
between the leading edges of the three pathways suggesting that their enrichment in the high
fatigue group may indicate a change in ARP2/3 complex activity in these patients. Two of the
actin-related genes in the leading edge overlap, ACTR3 and ARPC5, have previously been iden-
tified as differentially expressed in CFS by Kerr and colleagues [44], and later confirmed by
Zhang and colleagues [45]. APRC5 has also been linked to fatigue in CFS by Frampton and
co-workers [46]. In addition, two further genes, which were not in the leading edge overlap,
were also identified by previous studies of fatigue in CFS: PIK3RI [44, 45] and PRKAR1A
[44, 46, 47].
The 15 Reactome pathways enriched in the high fatigue patient group are all related to gua-
nine nucleotide binding protein (G-protein) signalling and the leading edge overlap comprises
five G-protein β−/γ− subunits, GNB4, GNB5, GNG8, GNG10 and GNG11. G-protein β and γ
subunits are abundant in immune cells [48], and G-protein coupled receptors (GPCRs) have
been hypothesised to be involved in fatigue-related disorders [49–51]. In particular, the
Table 5. Genes in the leading edge of the incretin-related Reactome pathway.Genes associated with
high fatigue are shown in bold.
Symbol Name
DPP4 Dipeptidyl-peptidase 4
FFAR1 Free fatty acid receptor 1
GATA4 GATA binding protein 4
GCG* Glucagon
GIP* Gastric inhibitory polypeptide
ISL1 ISL LIM homeobox 1
LEP Leptin
PCSK1 Proprotein convertase subtilisin/kexin type 1
SEC11C SEC11 homolog C (S. cerevisiae)
SPCS1 Signal peptidase complex subunit 1 homolog (S. cerevisiae)
SPCS3 Signal peptidase complex subunit 3 homolog (S. cerevisiae)
* Overlaps with the G-protein signalling leading edge.
doi:10.1371/journal.pone.0143970.t005
Fig 5. Support vector machine (SVM) classification of fatigue groups. The receiver operator
characteristic curves for the SVM output. Ten curves are shown on each plot. The area under the curve
(AUC) is calculated as the mean over the ten curves. (A) All 181 enriched pathway genes as input. (B) The 55
leading edge genes as input.
doi:10.1371/journal.pone.0143970.g005
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adrenergic alpha-2A receptor was linked to fatigue in a sub-group of CFS patients by Light and
colleagues [50] and several other GPCRs were linked to fatigue by the authors in a later study
of prostate cancer and CFS [49]. G-protein α-subunits have also been linked to fatigue in CFS
[44, 45]. One gene not found in the leading edge overlap, GRIK2, has been linked to CFS [44,
45, 52] and two further genes, PIK3RI and PRKAR1A, are also members of the enriched Bio-
Carta pathways that have previously been linked to fatigue in CFS [44–47]. A fourth gene not
found in the overlap, PRKACA, is linked to Cushing’s disease, symptoms of which include
severe fatigue [53]. Notably, G-protein signalling pathways have been linked to the cytoskele-
ton and actin fibres [54, 55], and interact with cytoskeleton regulators [56], consistent with the
BioCarta enrichments.
The incretin synthesis, secretion, and inactivation pathway gene set had a non-random dis-
tribution of enrichment, indicating that some genes of the pathways are associated with high
fatigue, and others with low fatigue. Incretins are produced in the gut, with those entering the
bloodstream being rapidly broken down by DPP4 (also known as CD26), a protein found on
the surface of T-calls [57]. Inhibitors of DPP4 are used to treat diabetes and can cause fatigue
[58], consistent with our observation of an association between DPP4 and low fatigue. Abnor-
malities in DPP4 levels have also been observed in the autoimmune condition multiple sclero-
sis, the symptoms of which commonly involve chronic fatigue [59]. Notably, reduced levels of
this protein have been identified as a potential biomarker for CFS [60]. However, significant
expansion of CD26+ T-cell populations has also been observed in this condition [61]. Another
leading edge gene in this pathway, LEP, is involved in the regulation of energy balance, and is
linked to several diseases including type 2 diabetes [62]. Fatigue severity has been associated
with high circulating levels of this gene’s protein product, leptin, in CFS [63] and in chronic
hepatitis [64]. It should also be noted that this pathway is enriched in the pSS group as a whole,
indicating this may be a disease-related process rather than specific to fatigue. However, further
investigation of the link between this pathway and fatigue is warranted.
The GSEA results were used to select input features for machine learning. Support Vector
Machines (SVMs) are machine learning classifiers which aim to separate groups which are
non-linearly overlapping using a kernel function to map the data into higher dimensional
space [65]. Here, we used a radial kernel SVM to assess the association of the identified path-
ways with fatigue by comparing the output of classifiers using all enriched pathway genes, with
those using only the leading edge genes. ROC curves were used to assess the classifiers’ accu-
racy, revealing a markedly significant improvement in classifier performance when only the
leading edge genes were used as classifier inputs. Further investigation will be required to ascer-
tain the relationship between the enriched pathways and their leading edge genes in order to
determine the pathophysiological mechanisms by which these pathways may affect fatigue.
Reliance on patient-reported data is a potential drawback of this study since these patient-
reported measures may not be directly comparable due to individual interpretation of the ques-
tions. Further, the number of patients per group is relatively small since the fatigue level cutoffs
used include only those patients at the extremes of the Fatigue VAS score, which may lower the
power of the analysis between high fatigue and low fatigue groups. However, the results of ana-
lysing fatigue as a continuous variable, and therefore including the entire patient group, were
consistent with the lack of significant DEGs seen between the high and low fatigue extremes.
Further, the inclusion of other clinical factors, such as age and depression level, also revealed
no significant DEGs. Ultimately, in the absence of an objective measure of fatigue, subjective
data must be relied upon. Although the healthy controls were only used in the linear regression
model of fatigue as a continuous variable, it should be noted that it is highly unlikely that these
individuals would score 0 for fatigue if these data were available. Several of the other clinical
factor measurements used in this study are also subjective, and therefore these factors suffer
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from the same weaknesses as the fatigue score. Consequently, the effects of these possibly con-
founding factors are unlikely to be eliminated completely. Additionally, the changes observed
may be related to differences in white cell count, although the total white cell counts were com-
parable between the high and low fatigue groups of pSS. Further investigation of these factors
is currently underway.
It is likely that fatigue is not a single biological phenomenon in pSS or other fatigue-related
disorders. The GSEA results suggest changes in a range of signalling-related processes, poten-
tially indicating multiple pathophysiological mechanisms for the development of fatigue. Strat-
ification of the patients, as is recommended for studies of CFS [66], may therefore aid future
studies of fatigue. Future investigation in a larger cohort of pSS patients is in progress and
could provide scope for the stratification of patients’ fatigue if required.
Despite these potential limitations, the SVM classifier of fatigue performed well and had sig-
nificantly improved accuracy over the control classifier. The identified pathways and genes are
consistent with several previous studies of fatigue. Furthermore, since the identified genes were
neither predictive of pSS nor enriched in the pSS group, they are likely to be related to the
fatigue aspect of the disease process. Although overfitting is a possibility, as with all classifica-
tion techniques, it is unlikely in this case since performance was consistently high on separate
testing and training datasets.
The microarray profiling of 133 patients discordant for fatigue has enabled us to identify a
55 genes which are predictive of fatigue in this group. This study provides the first step towards
the understanding the underlying mechanisms of fatigue in pSS. Although only a weak signal
was observed on a single gene basis, the genes as a group are a strong predictor of fatigue and
suggest that a range of signalling changes may be implicated. The relevance of these genes to
the pathophysiological mechanisms of fatigue remains to be elucidated. However, the existence
and implications of this gene group is of potentially huge importance, and will benefit from fur-
ther investigation. In particular, this gene list could aid in the future development of objective
diagnostics for fatigue-related disorders that are currently non-trivial to diagnose, such as CFS.
Whether the gene signature is related to fatigue in general or is specific to pSS-related fatigue
should also be investigated in other autoimmune diseases and in CFS itself.
Materials and Methods
Patient Recruitment
Contemporaneous patient and healthy control data for this study were obtained from the UK
Primary Sjögren’s Syndrome Registry (UKPSSR) [67]. The registry comprises a cohort of clini-
cally well-characterized pSS patients from 30 UK centres with biobanked peripheral blood
mononuclear cells, serum, DNA and RNA. Informed written consent was obtained from all
patients according to the principles of the Helsinki Declaration. Research Ethical approval for
the study was given by the UK National Research Ethics Committee North West—Haydock.
All patients fulfilled the American European Consensus Group Criteria (AECG) [20]. Exten-
sive clinical profiles are available for the patients, including demographics, disease activity and
damage, past and current treatments, and patient-reported outcome measures. The registry’s
healthy controls were recruited at the same time as the patients comprising a group of non-pSS
individuals, age-matched to ± 3 years of the patient group. Assessment and sample collection
followed a uniform protocol.
A group of 133 pSS patients with variable degrees of fatigue were chosen for the gene
expression study. Additionally, 29 healthy individuals also selected from the cohort as a control
ensuring no history of fatigue, dry eyes/mouth or autoimmune disease. Peripheral blood sam-
ples were collected and kept in PAXgene blood RNA tubes (Becton, Dickinson and Company,
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Oxford), which contain blood cell-lysing and RNA-stabilizing reagents. Samples were stored at
−80°C prior to RNA extraction.
Laboratory Techniques
RNA was extracted from peripheral whole blood samples using the PAXgene Blood miRNA kit
(PreAnalytix GmbH, Switzerland). The extractions were performed according to the manufac-
turer’s protocol. The RNeasy MiniElute kit (QIAGEN, Manchester) was used to obtain the
required concentration and volume for the Globin mRNA reduction procedure.
Globin mRNA was removed from the RNA samples using the Human GLOBINclear kit
(Ambion Inc., Texas, USA). The purity and the concentration of the globin-cleared samples
were assessed using the Nano-drop ND-1000 spectrophotometer (Willmington, USA). The
samples were stored at −20°C, according to the GLOBINclear manufacturer’s protocol [68].
The quality of all samples was analysed with the Agilent 2100 Bioanalyzer using the Agilent
RNA Nano kit (Agilent, Santa Clara, USA). Samples with a RNA integrity number (RIN) of
above seven were used for whole genome microarray using the Illumina HumanHT-12 v4
BeadChip. Both techniques were performed at Cambridge Genomic Services (Cambridge, UK).
Fatigue and Other Clinical Factors
Fatigue was defined using the patient-reported abnormal fatigue as scored on a visual analogue
scale of 0–100 [69]. Patients were considered “high fatigue” with a score>75 and “low fatigue”
<25.
Several other factors were included in the linear fits:
• Depression and anxiety: measured using the Hospital Anxiety and Depression (HAD) scale
[70]
• Pain and dryness: measured using the ESSPRI pain and dryness sub-domains [71]
• Age at cohort recruitment (the date of blood sample collection)
• Disease activitymeasured using the EULAR Sjögren’s Syndrome Disease Activity Index (ESS-
DAI) [72]
• Disease damagemeasured using the Sjögren’s Syndrome Disease Damage Index (SSDDI)
[73]
Gene Expression Analysis
Gene expression data were prepared for analysis using the microarray packages provided by
BioConductor [74] as described by Cockell and colleagues [75]. Data were transformed to sta-
bilise the variance across probes before robust spline normalisation using the lumi package
[76]. The arrayQualityMetrics package was used to detect outliers [77]. The lumi
command detectionCall was used to filter out probes with a detection p-value less than
0.01. This filtering step was not included prior to gene set enrichment analysis (GSEA) since
the algorithm requires unfiltered data [37]. Batch effects were removed using the combat
package [78]. Gene annotations were retrieved from the lumiHumanAll.db package [79].
The expression data were then analysed using several parallel approaches (Fig 6):
1. Differentially expressed genes between “high fatigue” and “low fatigue” pSS patients were
identified using the limma package [80] at a fold-change cutoff of 1.2 and a p-value cutoff
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of 0.05 after adjustment using the Benjamini-Hochberg false discovery rate [81]. Other clin-
ical factors were corrected for by inclusion in the linear fits.
2. The Fatigue VAS scores were analysed as a continuous variable by fitting a linear regression
model to the expression data including both the pSS and healthy control groups. Since
fatigue data were not available for the controls, their individual scores were considered 0.
Other clinical factors were corrected for by inclusion in the regression models. The p-values
were adjusted using the Benjamini-Hochberg false discovery rate [81] and a p-value signifi-
cance cutoff of 0.05 was applied.
3. The IFN type I signature was calculated for all the patients based on the five INF induced
genes identified by Brkic and colleagues [21]. Scores were calculated for each patient as the
number of healthy control standard deviations above the healthy control mean, summed
over all five genes, as described by Kirou and co-workers [82]. Patients with a score exceed-
ing 10 were considered to be IFN-positive [21].
4. GSEA and leading edge analysis were carried out using the GSEA software package [37, 83].
Gene sets were taken from version 4 of the Molecular Signature Database (MSigDB) [24].
All 1320 canonical pathway gene sets (collection C2:CP) were tested. Additionally, the
Fig 6. A workflow of the gene expression analysis. The gene expression data were analysed to produce a
list of fatigue-related features which were used as inputs for a support vector machine classifier of fatigue. 1.
Differentially expressed genes were identified between fatigue groups. 2. Linear regression was used to
analyse fatigue as a continuous variable. 3. The interferon type I signature was calculated for all the patients
and compared to fatigue levels. 4. Gene set enrichment analysis was carried out using the high and low
fatigue groups. 5. A support vector machine classifier was created using fatigue-related features as inputs
and its performance assessed using receiver-operator characteristic (ROC) curves.
doi:10.1371/journal.pone.0143970.g006
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fatigue-related features identified (point 5) were analysed as a bespoke input gene set. Gene
sets were considered significant at an FDR cut-off of 25%. Real gene ordering was used to
detect enrichments in the low and high groups, while absolute gene ordering was used to
detect other non-random distributions.
5. Machine learning was carried out on the high and low fatigue groups using radial kernel
support vector machines (SVMs) [84] run in the e1071 package [85]. Hyperparameter
inputs were selected and inputs pre-processed using the carat package [86] and 10-fold
cross-validation was applied. The performance of the classifiers was evaluated using the area
under curve (AUC) of receiver operator characteristic (ROC) curves [87]. The error of the
AUC was calculated using the standard error of the Wilcoxon statistic SE(W) [87, 88] using
Eq (1), where θ is the AUC, Cp is the number of positive examples, Cn is the number of nega-
tive examples, and Q1 and Q2 are the probabilities of incorrect group assignment as defined
by Eqs (2) and (3), respectively.
SEðWÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yð1 yÞ þ ðCp  1ÞðQ1  y2Þ þ ðCn  1ÞðQ2  y2Þ
CpCn
s
ð1Þ
Q1 ¼
y
2 y ð2Þ
Q2 ¼
2y2
1þ y ð3Þ
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identified as outliers (red crosses). A) Hoeffding’s statistic Da. A threshold of 0.15 was used,
which is indicated by the vertical line. No arrays exceeded the outlier threshold. B) The sum
of distances to other arrays Sa. Based on the distribution of the values across all arrays, a thresh-
old of 34.8 was determined, which is indicated by the vertical line. Two arrays significantly
exceeded the threshold and were considered outliers. C) The Kolmogorov-Smirnov statistic Ka.
Based on the distribution of the values across all arrays, a threshold of 0.0558 was determined,
which is indicated by the vertical line. One array significantly exceeded this threshold and was
considered an outlier.
(PNG)
S2 Fig. Batch correction. Principle component plots of the data pre- (A) and post-batch cor-
rection (B). Points are coloured and shaped by experimental batch.
(PNG)
S3 Fig. Differential gene expression analysis. Volcano plots for fatigue groups using PRO-
FAD and ESSPRI fatigue scores. The ranges of these scores are 0–7 for PROFAD and 0–10 for
ESSPRI, respectively. No significantly differentially expressed genes were identified in either
case. A. PROFAD, high fatigue>5 (n = 32) and low fatigue2 (n = 32). B. ESSPRI, high
fatigue>7 (n = 36) and low fatigue3 (n = 34).
(PNG)
S4 Fig. PROFAD correction for clinical factors. Volcano plots for the PROFAD fatigue
groups corrected for clinical factors. High fatigue>5 (n = 32) and low fatigue2 (n = 32). A.
Age at UKPSSR cohort recruitment. B. Disease activity measured using the EULAR Sjögren’s
Syndrome Disease Activity Index. C. Disease damage measured using the Sjögren’s Syndrome
Disease Damage Index. D. The EULAR Sjögren’s Syndrome Patient Reported Index dryness
sub-domain. E. The EULAR Sjögren’s Syndrome Patient Reported Index pain sub-domain. F.
Anxiety measured using the Hospital Anxiety and Depression scale. G. Depression measured
using the Hospital Anxiety and Depression scale. H. Pain and depression (E & G). I. Pain,
depression, dryness and anxiety (D-G). J. All seven factors (A-G). No significantly differentially
expressed genes were identified following any correction.
(PNG)
S5 Fig. ESSPRI correction for clinical factors. Volcano plots for the ESSPRI physical
fatigue groups corrected for clinical factors. High fatigue>7 (n = 36) and low fatigue 3
(n = 34). A. Age at UKPSSR cohort recruitment. B. Disease activity measured using the
EULAR Sjögren’s Syndrome Disease Activity Index. C. Disease damage measured using the
Sjögren’s Syndrome Disease Damage Index. D. The EULAR Sjögren’s Syndrome Patient
Reported Index dryness sub-domain. E. The EULAR Sjögren’s Syndrome Patient Reported
Index pain sub-domain. F. Anxiety measured using the Hospital Anxiety and Depression
scale. G. Depression measured using the Hospital Anxiety and Depression scale. H. Pain
and depression (E & G). I. Pain, depression, dryness and anxiety (D-G). J. All seven factors
(A-G). No significantly differentially expressed genes were identified following any correc-
tion.
(PNG)
S6 Fig. Interferon type I signature. The clinical scores in the IFN type I positive and negative
groups. ESSDAI scores were significantly higher in the IFN positive group. However, there was
no significant relationship between IFN signature and ESSPRI, SSDDI or the three fatigue
scores.
(PNG)
A Transcriptional Signature of Fatigue in PSS
PLOSONE | DOI:10.1371/journal.pone.0143970 December 22, 2015 16 / 21
Acknowledgments
We would like to thank all the patients and healthy volunteers who have participated in the
UKPSSR.
The other UKPSSR members (as of 1 May 2012) include, in alphabetical order of their
affiliations:
Frances Hall (Addenbrooke’s Hospital, Cambridge); Elalaine C Bacabac, Robert Moots (Ain-
tree University Hospitals); Kuntal Chadravarty, Shamin Lamabadusuriya (Barking, Havering
and Redbridge NHS Trust); Michele Bombardieri, Costantino Pitzalis, Nurhan Sutcliffe (Bart
and the London NHS Trust); Nagui Gendi, Rashidat Adeniba (Basildon Hospital); John Ham-
burger, Andrea Richards (BirminghamDental Hospital); Saaeha Rauz (Birmingham &Midland
Eye Centre); Sue Brailsford (BirminghamUniversity Hospital); Joanne Logan, Diarmuid Mul-
herin (Cannock Chase Hospital); Jacqueline Andrews, Paul Emery, Alison McManus, Colin
Pease (Chapel Allerton Hospital, Leeds); Alison Booth, Marian Regan (Derbyshire Royal Infir-
mary); Theodoros Dimitroulas, Lucy Kadiki, Daljit Kaur, George Kitas (Dudley Group of Hospi-
tals NHS Foundation Trust); Mark Lloyd, Lisa Moore (Frimley Park Hospital); Esther Gordon,
Cathy Lawson (Harrogate District Foundation Trust Hospital); Monica Gupta, John Hunter,
Lesley Stirton (Gartnavel General Hospital, Glasgow); Gill Ortiz, Elizabeth Price (Great Western
Hospital); Gavin Clunie, Ginny Rose, Sue Cuckow (Ipswich Hospital NHS Trust); Susan Knight,
Deborah Symmons, Beverley Jones (Macclesfield District General Hospital & Arthritis Research
UK Epidemiology Unit, Manchester); Shereen Al-Ali, Andrew Carr, Katherine Collins, Ian Cor-
bett, Christine Downie, Suzanne Edgar, Marco Carrozzo, Francisco Figuereido, Heather Foggo,
Katie Hackett, Dennis Lendrem, Iain Macleod, Philip Mawson, Sheryl Mitchell, Andini Natasari,
Philip Stocks, Jessica Tarn (Newcastle upon Tyne Hospitals NHS Foundation Trust and New-
castle University); Adrian Jones, Peter Lanyon, Alice Muir (NottinghamUniversity Hospital);
Paula White, Steven Young-Min (Portsmouth Hospitals NHS Trust); Susan Pugmire, Vadivelu
Saravanan (Queen’s Elizabeth Hospital, Gateshead); Annie Cooper, MarianneWatkins (Royal
Hampshire County Hospital); Anne Field, Stephen Kaye, Devesh Mewar, Patricia Medcalf, Pam-
ela Tomlinson, Debbie Whiteside (Royal Liverpool University Hospital); Neil McHugh, John
Pauling, Julie James, Nike Olaitan (Royal National Hospital for Rheumatic Diseases); Moham-
med Akil, Jayne McDermott, Olivia Godia (Royal Sheffield Hospital); David Coady, Elizabeth
Kidd, Lynne Palmer (Sunderland Royal Hospital); Bhaskar Dasgupta, Victoria Katsande, Pamela
Long (Southend University Hospital); Charles Li (Royal Surrey Hospital); Usha Chandra,
Kirsten MacKay (Torbay Hospital); Stefano Fedele, Ada Ferenkeh-Koroma, Ian Giles, David
Isenberg, Helena Maconnell, Stephen Porter (University College Hospital & Eastman Dental
Institute); Paul Allcoat, JohnMcLaren (Whyteman’s Brae Hospital, Kirkcaldy).
Author Contributions
Conceived and designed the experiments: W-FN AW JH CSG SJC JN DEJ JI SB EP. Performed
the experiments: SA-A JT. Analyzed the data: KJ JH AW SJC CSGW-FN. Contributed
reagents/materials/analysis tools: JL SB EP CTP PE PL JAHMGMB NS CP JM ACMR IG DI
VH DC BD NM SY-M RMNGMA BGW-FN. Wrote the paper: KJ SJC CSG AW JHW-FN
JN DEJ. Provided patient samples: UKPSSR. Read, contributed and approved the manuscript:
KJ SA-A JT SJC CSG VH JL SM DL SB EP CTP PE PL JAHMGMB NS CP JM ACMR IG DI
VS DC BD NM SY-M RMNGMA BG AW JN DEJ JI JHW-FN.
References
1. Cauch-Dudek K, Abbey S, Stewart DE, Heathcote EJ. Fatigue in primary biliary cirrhosis. Gut. 1998;
43: 705–710. doi: 10.1136/gut.43.5.705 PMID: 9824355
A Transcriptional Signature of Fatigue in PSS
PLOSONE | DOI:10.1371/journal.pone.0143970 December 22, 2015 17 / 21
2. Huyser BA, Parker JC, Thoreson R, Smarr KL, Johnson JC, Hoffman R. Predictors of subjective fatigue
among individuals with rheumatoid arthritis. Arthritis Rheum. 1998; 41: 2230–2237. doi: 10.1002/1529-
0131(199812)41:12%3C2230::AID-ART19%3E3.3.CO;2-4 PMID: 9870880
3. Stone P, Richards M, Hardy J. Fatigue in patients with cancer. Eur J Cancer. 1998; 34: 1670–1676. doi:
10.1016/S0959-8049(98)00167-1 PMID: 9893650
4. Smets EM, Garssen B, Cull A, de Haes JC. Application of the multidimensional fatigue inventory (MFI-
20) in cancer patients receiving radiotherapy. Br J Cancer. 1996; 73: 241–245. doi: 10.1038/bjc.1996.
42 PMID: 8546913
5. Krupp LB, LaRocca NG, Muir J, Steinberg AD. A study of fatigue in systemic lupus erythematosus. J
Rheumatol. 1990; 17: 1450–1452. PMID: 2273484
6. Krupp LB, Alvarez LA, LaRocca NG, Scheinberg LC. Fatigue in multiple sclerosis. Arch Neurol. 1988;
45: 435–437. doi: 10.1001/archneur.1988.00520280085020 PMID: 3355400
7. Bower JE. Cancer-related fatigue–mechanisms, risk factors, and treatments. Nat Rev Clin Oncol.
2014; 11: 597–609. doi: 10.1038/nrclinonc.2014.127 PMID: 25113839
8. Irvine D, Vincent L, Graydon JE, Bubela N, Thompson L. The prevalence and correlates of fatigue in
patients receiving treatment with chemotherapy and radiotherapy. A comparison with the fatigue expe-
rienced by healthy individuals. Cancer Nurs. 1994; 17: 367–378. doi: 10.1097/00002820-199410000-
00001 PMID: 7954384
9. Malik UR, Makower DF, Wadler S. Interferon-mediated fatigue. Cancer. 2001; 92: 1664–1668. doi: 10.
1002/1097-0142(20010915)92:6+%3C1664::AID-CNCR1494%3E3.0.CO;2-9 PMID: 11598884
10. van’t Leven M, Zielhuis GA, van der Meer JW, Verbeek AL, Bleijenberg G. Fatigue and chronic fatigue
syndrome-like complaints in the general population. Eur J Public Health. 2010; 20: 251–257. doi: 10.
1093/eurpub/ckp113 PMID: 19689970
11. David A, Pelosi A, McDonald E, Stephens D, Ledger D, Rathbone R, et al. Tired, weak, or in need of
rest: fatigue among general practice attenders. BMJ. 1990; 301: 1199–1202. doi: 10.1136/bmj.301.
6762.1199 PMID: 2261560
12. Lorusso L, Mikhaylova SV, Capelli E, Ferrari D, Ngonga GK, Ricevuti G. Immunological aspects of
chronic fatigue syndrome. Autoimmun Rev. 2009; 8: 287–291. doi: 10.1016/j.autrev.2008.08.003
PMID: 18801465
13. Stone P, Hardy J, Broadley K, Tookman AJ, Kurowska A, A’Hern R. Fatigue in advanced cancer: a pro-
spective controlled cross-sectional study. Br J Cancer. 1999; 79: 1479–1486. doi: 10.1038/sj.bjc.
6690236 PMID: 10188894
14. Krupp LB, Christodoulou C. Fatigue in multiple sclerosis. Curr Neurol Neurosci Rep. 2001; 1: 294–298.
doi: 10.1007/s11910-001-0033-7 PMID: 11898532
15. Burks TF. New agents for the treatment of cancer-related fatigue. Cancer. 2001; 92: 1714–1718. doi:
10.1002/1097-0142(20010915)92:6+%3C1714::AID-CNCR1502%3E3.0.CO;2-N PMID: 11598892
16. Raison CL, Lin JM, ReevesWC. Association of peripheral inflammatory markers with chronic fatigue in
a population-based sample. Brain Behav Immun. 2009; 23: 327–337. doi: 10.1016/j.bbi.2008.11.005
PMID: 19111923
17. Fox RI. Sjögren’s Syndrome. Lancet. 2005; 366: 321–331. doi: 10.1016/S0140-6736(05)66990-5
PMID: 16039337
18. Qin B, Wang J, Yang Z, Yang M, Ma N, Huang F, et al. Epidemiology of primary Sjögren’s Syndrome: a
systematic review and meta-analysis. Ann Rheum Dis. 2014 Jun 17 [Epub ahead of print]
19. Shiboski SC, Shiboski CH, Criswell L, Baer A, Challacombe S, Lanfranchi H, et al. American College of
Rheumatology classification criteria for Sjögren’s Syndrome: a data-driven, expert consensus
approach in the Sjögren’s international collaborative clinical alliance cohort. Arthritis Care Res (Hobo-
ken). 2012; 64: 475–487. doi: 10.1002/acr.21591
20. Vitali C, Bombardieri S, Jonsson R, Moutsopoulos HM, Alexander EL, Carsons SE, et al. Classification
criteria for Sjögren’s Syndrome: a revised version of the european criteria proposed by the American-
European Consensus Group. Ann Rheum Dis. 2002; 61: 554–558. doi: 10.1136/ard.61.6.554 PMID:
12006334
21. Brkic Z, Maria NI, van Helden-Meeuwsen CG, van de Merwe JP, van Daele PL, Dalm VA, et al. Preva-
lence of interferon type I signature in CD14 monocytes of patients with Sjögren’s Syndrome and associ-
ation with disease activity and BAFF gene expression. Ann Rheum Dis. 2013; 72: 728–35. doi: 10.
1136/annrheumdis-2012-201381 PMID: 22736090
22. NgWF, Bowman SJ. Primary Sjögren’s Syndrome: too dry and too tired. Rheumatology (Oxford).
2010; 49: 844–853. doi: 10.1093/rheumatology/keq009
23. Barendregt PJ, Visser MR, Smets EM, Tulen JH, van den Meiracker AH, Boomsma F, et al. Fatigue in pri-
mary Sjögren’s Syndrome. Ann RheumDis. 1998; 57: 291–5. doi: 10.1136/ard.57.5.291 PMID: 9741313
A Transcriptional Signature of Fatigue in PSS
PLOSONE | DOI:10.1371/journal.pone.0143970 December 22, 2015 18 / 21
24. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdóttir H, Tamayo P, Mesirov JP. Molecular signa-
tures database (MSigDB) 3.0. Bioinformatics. 2011; 27: 1739–1740. doi: 10.1093/bioinformatics/btr260
PMID: 21546393
25. Nishimura D. BioCarta. Biotech Software & Internet Report. 2001; 2:117–120. doi: 10.1089/
152791601750294344
26. Vastrik I, D’Eustachio P, Schmidt E, Joshi-Tope G, Gopinath G, Croft D, et al. Reactome: a knowledge
base of biologic pathways and processes. Genome Biol. 2007; 8: R39. doi: 10.1186/gb-2007-8-3-r39
PMID: 17367534
27. Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000;
28:27–30. doi: 10.1093/nar/28.1.27 PMID: 10592173
28. Segal B, ThomasW, Rogers T, Leon JM, Hughes P, Patel D, et al. Prevalence, severity, and predictors
of fatigue in subjects with primary Sjögren’s Syndrome. Arthritis Rheum. 2008; 59: 1780–7. doi: 10.
1002/art.24311 PMID: 19035421
29. Bowman SJ, Booth DA, Platts RG, UK Sjögren’s Interest Group. Measurement of fatigue and discom-
fort in primary Sjögren’s Syndrome using a new questionnaire tool. Rheumatology (Oxford). 2004; 43:
758–764. doi: 10.1093/rheumatology/keh170
30. Strömbeck B, Ekdahl C, Manthorpe R, Jacobsson LT. Physical capacity in women with primary Sjög-
ren’s Syndrome: a controlled study. Arthritis Rheum. 2003; 49: 681–8. doi: 10.1002/art.11384 PMID:
14558054
31. Emamian ES, Leon JM, Lessard CJ, Grandits M, Baechler EC, Gaffney PM, et al. Peripheral blood
gene expression profiling in Sjögren’s Syndrome. Genes Immun. 2009; 10: 285–96. doi: 10.1038/gene.
2009.20 PMID: 19404300
32. Wildenberg ME, van Helden-Meeuwsen CG, van de Merwe JP, Drexhage HA, Versnel MA. Systemic
increase in type I interferon activity in Sjögren’s Syndrome: a putative role for plasmacytoid dendritic
cells. Eur J Immunol. 2008; 38: 2024–33. doi: 10.1002/eji.200738008 PMID: 18581327
33. Gottenberg JE, Cagnard N, Lucchesi C, Letourneur F, Mistou S, Lazure T, et al. Activation of IFN path-
ways and plasmacytoid dendritic cell recruitment in target organs of primary Sjögren’s Syndrome. Proc
Natl Acad Sci USA. 2006; 103: 2770–5. doi: 10.1073/pnas.0510837103 PMID: 16477017
34. Hjelmervik TO, Petersen K, Jonassen I, Jonsson R, Bolstad AI. Gene expression profiling of minor sali-
vary glands clearly distinguishes primary Sjögren’s Syndrome patients from healthy control subjects.
Arthritis Rheum. 2005; 52: 1534–44. doi: 10.1002/art.21006 PMID: 15880807
35. Byrnes A, Jacks A, Dahlman-Wright K, Evengard B, Wright FA, Pedersen NL, et al. Gene expression in
peripheral blood leukocytes in monozygotic twins discordant for chronic fatigue: no evidence of a bio-
marker. PLoS One. 2009; 4: e5805. doi: 10.1371/journal.pone.0005805 PMID: 19503787
36. Landmark-Høyvik H, Reinertsen KV, Loge JH, Fosså SD, Børresen-Dale AL, Dumeaux V. Alterations
of gene expression in blood cells associated with chronic fatigue in breast cancer survivors. Pharmaco-
genomics J. 2009; 9: 333–40. doi: 10.1038/tpj.2009.27 PMID: 19546881
37. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl
Acad Sci USA. 2005; 102: 15545–15550. doi: 10.1073/pnas.0506580102 PMID: 16199517
38. Jones GE. Cellular signaling in macrophage migration and chemotaxis. J Leukoc Biol. 2000; 68: 593–
602. PMID: 11073096
39. Pihur V, Datta S, Datta S. Meta analysis of chronic fatigue syndrome through integration of clinical,
gene expression, SNP and proteomic data. Bioinformation. 2011; 6: 120–4. doi: 10.6026/
97320630006120 PMID: 21584188
40. Eden S, Rohatgi R, Podtelejnikov AV, MannM, Kirschner MW.Mechanism of regulation ofWAVE1-induced
actin nucleation by Rac1 and Nck. Nature. 2002; 418: 790–3. doi: 10.1038/nature00859 PMID: 12181570
41. Zhu Y, Bond J, Thomas P. Identification, classification, and partial characterization of genes in humans
and other vertebrates homologous to a fish membrane progestin receptor. Proc Natl Acad Sci USA.
2003; 100: 2237–42. doi: 10.1073/pnas.0436133100 PMID: 12601167
42. Cotta-de-Almeida V, Westerberg L, Maillard MH, Onaldi D, Wachtel H, Meelu P, et al. Wiskott Aldrich
syndrome protein (WASP) and N-WASP are critical for T cell development. Proc Natl Acad Sci USA.
2007; 104: 15424–9. doi: 10.1073/pnas.0706881104 PMID: 17878299
43. Welch MD, DePace AH, Verma S, Iwamatsu A, Mitchison TJ. The human Arp2/3 complex is composed
of evolutionarily conserved subunits and is localized to cellular regions of dynamic actin filament
assembly. J Cell Biol. 1997; 138: 375–84. doi: 10.1083/jcb.138.2.375 PMID: 9230079
44. Kerr JR, Petty R, Burke B, Gough J, Fear D, Sinclair LI, et al. Gene expression subtypes in patients
with chronic fatigue syndrome/myalgic encephalomyelitis. J Infect Dis. 2008; 197: 1171–1184. doi: 10.
1086/533453 PMID: 18462164
A Transcriptional Signature of Fatigue in PSS
PLOSONE | DOI:10.1371/journal.pone.0143970 December 22, 2015 19 / 21
45. Zhang L, Gough J, Christmas D, Mattey DL, Richards SC, Main J, et al. Microbial infections in eight
genomic subtypes of chronic fatigue syndrome/myalgic encephalomyelitis. J Clin Pathol. 2010; 63:
156–64. doi: 10.1136/jcp.2009.072561 PMID: 19955554
46. Frampton D, Kerr J, Harrison TJ, Kellam P. Assessment of a 44 gene classifier for the evaluation of
chronic fatigue syndrome from peripheral blood mononuclear cell gene expression. PLoS One. 2011;
6: e16872. doi: 10.1371/journal.pone.0016872 PMID: 21479222
47. Gow JW, Hagan S, Herzyk P, Cannon C, Behan PO, Chaudhuri A. A gene signature for post-infectious
chronic fatigue syndrome. BMCMed Genomics. 2009; 2: 38–38. doi: 10.1186/1755-8794-2-38 PMID:
19555476
48. Wang Y, Li Y, Shi G. The regulating function of heterotrimeric G proteins in the immune system. Arch
Immunol Ther Exp (Warsz). 2013; 61: 309–19. doi: 10.1007/s00005-013-0230-5
49. Light KC, Agarwal N, Iacob E, White AT, Kinney AY, VanHaitsma TA, et al. Differing leukocyte gene
expression profiles associated with fatigue in patients with prostate cancer versus chronic fatigue syn-
drome. Psychoneuroendocrinology. 2013; 12: 2983–95. doi: 10.1016/j.psyneuen.2013.08.008
50. Light AR, Bateman L, Jo D, Hughen RW, VanHaitsma TA, White AT, et al. Gene expression alterations
at baseline and following moderate exercise in patients with Chronic Fatigue Syndrome and Fibromyal-
gia Syndrome. Journal of Internal Medicine. 2012; 1: 64–81. doi: 10.1111/j.1365-2796.2011.02405.x
51. Staines D. Are vasoactive neuropeptide autoimmune fatigue-related disorders mediated via G-protein-
coupled receptors? Med Hypotheses. 2005; 65: 29–31. doi: 10.1016/j.mehy.2005.02.013 PMID:
15893112
52. Smith AK, Fang H, Whistler T, Unger ER, Rajeevan MS. Convergent genomic studies identify associa-
tion of GRIK2 and NPAS2 with chronic fatigue syndrome. Neuropsychobiology. 2011; 64: 183–94. doi:
10.1159/000326692 PMID: 21912186
53. Beuschlein F, Fassnacht M, Assié G, Calebiro D, Stratakis CA, Osswald A, et al. Constitutive activation
of PKA catalytic subunit in adrenal Cushing’s syndrome. N Engl J Med. 2014; 370: 1019–28. doi: 10.
1056/NEJMoa1310359 PMID: 24571724
54. Schappi JM, Krbanjevic A, Rasenick MM. Tubulin, actin and heterotrimeric G proteins: coordination of
signaling and structure. Biochim Biophys Acta. 2014; 1838: 674–81. doi: 10.1016/j.bbamem.2013.08.
026 PMID: 24071592
55. Carlson KE, Woolkalis MJ, Newhouse MG, Manning DR. Fractionation of the beta subunit common to
guanine nucleotide-binding regulatory proteins with the cytoskeleton. Mol Pharmacol. 1986; 30: 463–8.
PMID: 3095628
56. Harhammer R, Gohla A, Schultz G. Interaction of G protein Gβγ dimers with small GTP-binding proteins
of the Rho family. FEBS Lett. 1996; 399: 211–4. doi: 10.1016/S0014-5793(96)01327-0 PMID: 8985147
57. Kameoka J, Tanaka T, Nojima Y, Schlossman SF, Morimoto C. Direct association of adenosine deami-
nase with a T cell activation antigen, CD26. Science. 1993; 261: 466–9. doi: 10.1126/science.8101391
PMID: 8101391
58. Baraniuk JN, Jamieson MJ. Rhinorrhea, cough and fatigue in patients taking sitagliptin. Allergy Asthma
Clin Immunol. 2010; 6: 8. doi: 10.1186/1710-1492-6-8 PMID: 20462426
59. Tejera-Alhambra M, Casrouge A, de Andrés C, Ramos-Medina R, Alonso B, Vega J, et al. Low DPP4
expression and activity in multiple sclerosis. Clin Immunol. 2014; 150: 170–83. doi: 10.1016/j.clim.
2013.11.011 PMID: 24412911
60. Fletcher MA, Zeng XR, Maher K, Levis S, Hurwitz B, Antoni M, et al. Biomarkers in chronic fatigue syn-
drome: evaluation of natural killer cell function and dipeptidyl peptidase IV/CD26. PLoS One. 2010; 5:
e10817. doi: 10.1371/journal.pone.0010817 PMID: 20520837
61. Klimas NG, Salvato FR, Morgan R, Fletcher MA. Immunologic abnormalities in chronic fatigue syn-
drome. J Clin Microbiol. 1990; 28: 1403–10. PMID: 2166084
62. RosenbaumM, Leibel RL. 20 years of leptin: role of leptin in energy homeostasis in humans. J Endocri-
nol. 2014; 223: T83–96. doi: 10.1530/JOE-14-0358 PMID: 25063755
63. Stringer EA, Baker KS, Carroll IR, Montoya JG, Chu L, Maecker HT, et al. Daily cytokine fluctuations,
driven by leptin, are associated with fatigue severity in chronic fatigue syndrome: evidence of inflamma-
tory pathology. J Transl Med. 2013; 11: 93. doi: 10.1186/1479-5876-11-93 PMID: 23570606
64. Piche T, Gelsi E, Schneider SM, Hébuterne X, Giudicelli J, Ferrua B, et al. Fatigue is associated with
high circulating leptin levels in chronic hepatitis C. Gut. 2002; 51: 434–9. doi: 10.1136/gut.51.3.434
PMID: 12171970
65. Scholköpf C, Burger CJC, Smola AJ. Advances in Kernel Methods. MIT Press, Cambridge, MA; 1999.
66. ReevesWC, Lloyd A, Vernon SD, Klimas N, Jason LA, Bleijenberg G, et al. Identification of ambiguities
in the 1994 chronic fatigue syndrome research case definition and recommendations for resolution.
BMC Health Serv Res. 2003; 3: 25–25. doi: 10.1186/1472-6963-3-25 PMID: 14702202
A Transcriptional Signature of Fatigue in PSS
PLOSONE | DOI:10.1371/journal.pone.0143970 December 22, 2015 20 / 21
67. NgWF, Bowman SJ, Griffiths B, UKPSSR study group. United Kingdom primary Sjögren’s Syndrome
registry–a united effort to tackle an orphan rheumatic disease. Rheumatology (Oxford). 2011; 50: 32–
39. doi: 10.1093/rheumatology/keq240
68. GLOBINclear Kit (Cat #AM1980, AM1981) Instruction Manual. https://tools.lifetechnologies.com/
content/sfs/manuals/fm_1980.pdf
69. Lee K, Hicks G, Nino-Murcia G. Validity and reliability of a scale to assess fatigue. Psychiatry Res.
1991; 3: 291–298. doi: 10.1016/0165-1781(91)90027-M
70. Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta Psychiatr Scand. 1983; 67:
361–370. doi: 10.1111/j.1600-0447.1983.tb09716.x PMID: 6880820
71. Seror R, Ravaud P, Mariette X, Bootsma H, Theander E, Hansen A, et al. Eular Sjögren’s Syndrome
patient reported index (ESSPRI): development of a consensus patient index for primary Sjögren’s Syn-
drome. Ann Rheum Dis. 2011; 70: 968–972. doi: 10.1136/ard.2010.143743 PMID: 21345815
72. Seror R, Ravaud P, Bowman SJ, Baron G, Tzioufas A, Theander E, et al. Eular Sjögren’s Syndrome
disease activity index: development of a consensus systemic disease activity index for primary Sjög-
ren’s Syndrome. Ann Rheum Dis. 2010; 69: 1103–1109. doi: 10.1136/ard.2009.110619 PMID:
19561361
73. Vitali C, Palombi G, Baldini C, Benucci M, Bombardieri S, Covelli M, et al. Sjögren’s Syndrome disease
damage index and disease activity index: scoring systems for the assessment of disease damage and
disease activity in Sjögren’s Syndrome, derived from an analysis of a cohort of Italian patients. Arthritis
Rheum. 2007; 56: 2223–2231. doi: 10.1002/art.22658 PMID: 17599741
74. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al. Bioconductor: open soft-
ware development for computational biology and bioinformatics. Genome Biol. 2004; 5: R80. doi: 10.
1186/gb-2004-5-10-r80 PMID: 15461798
75. Cockell S, Bashton M, Gillespie C. Bioconductor tools for microarray data analysis. In: Microarray
Image and Data Analysis Theory and Practice, CRC Press; 2014. pp. 459–479.
76. Du P, KibbeWA, Lin SM. lumi: a pipeline for processing Illumina microarray. Bioinformatics. 2008; 24:
1547–1548. doi: 10.1093/bioinformatics/btn224 PMID: 18467348
77. Kauffmann A, Gentleman R, Huber W. arrayQualityMetrics–a Bioconductor package for quality
assessment of microarray data. Bioinformatics. 2009; 25: 415–416. doi: 10.1093/bioinformatics/btn647
PMID: 19106121
78. JohnsonWE, Li C, Rabinovic A. Adjusting batch effects in microarray expression data using empirical
Bayes methods. Biostatistics. 2007; 8: 118–127. doi: 10.1093/biostatistics/kxj037 PMID: 16632515
79. Carlson, M lumiHumanAll.db: R package version 1.22.0.
80. Smyth GK. Linear models and empirical Bayes methods for assessing differential expression in micro-
array experiments. Stat Appl Genet Mol Biol. 2004; 3: article 3. PMID: 16646809
81. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. R Statist Soc. 1995; 57: 289–30.
82. Kirou KA, Lee C, George S, Louca K, Papagiannis IG, Peterson MG, et al. Coordinate overexpression
of interferon-alpha-induced genes in systemic lupus erythematosus. Arthritis Rheum. 2004; 50: 3958–
67. doi: 10.1002/art.20798 PMID: 15593221
83. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, et al. PGC-1alpha-respon-
sive genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes.
Nat Genet. 2003; 34: 267–273. doi: 10.1038/ng1180 PMID: 12808457
84. Cortes C, Vapnik V. Support-vector networks. Machine Learning. 1995; 20: 273. doi: 10.1023/
A:1022627411411
85. Meyer, D Support vector machines—the interface to libsvm in package e1071. R documentation
Available: urlhttp://cran.r-project.org/web/packages/e1071/index.html; 2014.
86. Kuhn M. caret: classification and regression training. R package version 6.0-35. Available: http://
CRAN.R-project.org/package = caret; 2014.
87. Henderson AR. Assessing test accuracy and its clinical consequences: a primer for receiver operating
characteristic curve analysis. Ann Clin Biochem. 1993; 30:521–539. doi: 10.1177/
000456329303000601 PMID: 8304720
88. Hanley JA, McNeil BJ. The meaning and use of the area under a receiver operating characteristic
(ROC) curve. Radiology. 1982; 143:29–36. doi: 10.1148/radiology.143.1.7063747 PMID: 7063747
A Transcriptional Signature of Fatigue in PSS
PLOSONE | DOI:10.1371/journal.pone.0143970 December 22, 2015 21 / 21
